Best-corrected acuity was measured for vertical and horizontal gratings and for recognition acuity optotypes (Lea Symbols) in a group of three-to five-year-old children with a high prevalence of astigmatism. Results showed meridional amblyopia (MA) among children with simple/compound myopic or mixed astigmatism, due to reduced acuity for horizontal gratings. Children with simple/ compound hyperopic astigmatism showed no MA, but did show reduced acuity for both grating orientations. Reduced best-corrected recognition acuity was shown by both myopic/mixed and hyperopic astigmats. These results suggest that optical correction of astigmatism should be provided prior to age three to five years, to prevent development of amblyopia.
Introduction
Astigmatism is a condition of the cornea or the lens of the eye in which there is an unequal curvature across meridia. Individuals with uncorrected astigmatism cannot bring stimuli of all orientations into focus simultaneously. Therefore, during development, these individuals may experience a very specific, orientationdependent form of visual deprivation.
Research conducted in the early 1970s demonstrated that this form of visual deprivation is associated with the development of a visual deficit that is neural in origin, i.e., an orientation-dependent visual acuity deficit that persists even after the optical effects of the astigmatism are corrected through the use of eyeglasses or contact lenses (Freeman, Mitchell, & Millodot, 1972; Mitchell, Freeman, Millodot, & Haegerstrom, 1973) . This acuity deficit, which Mitchell et al. (1973) termed meridional amblyopia (MA), is defined as a difference in best-corrected visual acuity for orthogonally-oriented grating stimuli that is not seen in non-astigmatic individuals.
Researchers also demonstrated that the acuity deficit was directly related to the axis and type of an individualÕs astigmatism. When astigmatic subjects were tested wearing their best optical correction, the stimulus orientations across which the greatest acuity differences occurred, as well as the orientation for which best acuity was observed, mirrored the pattern of deprivation that was predicted from the axis of the individualÕs astigmatism and the location of the individualÕs astigmatic focal lines relative to the retina (Freeman et al., 1972; Mitchell et al., 1973) . In addition, the magnitude of the difference between acuity for gratings of orthogonal orientations was found to be proportional to the magnitude of the individualÕs astigmatism, suggesting a relation between the severity of the deprivation and the severity of the resulting neural deficits (Mitchell et al., 1973) .
Research has also demonstrated that astigmatic school-age children and adults show below-normal bestcorrected recognition (letter) acuity. Results from a study of vision in a Native American tribe with a high prevalence of astigmatism showed best-corrected recognition acuity worse than 20/20 in 39% of 46 successive school-age and adult optometric patients who had astigmatism P 1.00 diopter (D) (Dobson, Tyszko, Miller, & Harvey, 1996) . Furthermore, the proportion of patients showing below-normal best-corrected acuity was related to the amount of astigmatism, ranging from 30% among individuals with 1.00 to <3.00 D of astigmatism to 63% among individuals with P 4.00 D of astigmatism.
Although data are not available concerning developmental aspects of best-corrected recognition acuity in astigmatic individuals, research on MA suggests that the development and treatment of this deficit may be associated with a critical period. A limited amount of research suggests that presence of MA is related both to the age of the individual and to the age at which optical correction was first received (presumably the age at which the deprivation was alleviated). Studies of grating acuity (Gwiazda, Mohindra, Brill, & Held, 1985a; Teller, Allen, Regal, & Mayer, 1978) and grating orientation preferences (Atkinson & French, 1979; Gwiazda, Mohindra, Brill, & Held, 1985b; Gwiazda, Scheiman, & Held, 1984; Held, 1978) in astigmatic infants tested with optical correction have failed to find evidence of MA at ages younger than one year. In contrast, evidence of MA has been reported in one child with oblique-axis astigmatism at 34 months of age (Mohindra, Jacobson, & Held, 1983) and in a group of four-year-old astigmatic children who had never received optical correction (Atkinson, 1993) . Data from one three-year-old (Mohindra et al., 1983) and five adults, all of whom received optical correction prior to age seven years (Cobb & MacDonald, 1978; Mitchell et al., 1973) , suggest that early optical correction may prevent or eliminate the development of MA. In summary, the existing data suggest that the critical period for development of MA begins after infancy but before age three or four years. No data are available on the end of the critical period for the development of MA, but the limited research available suggests that the end of the critical period for successful treatment of MA extends to at least age seven years.
One reason for the limited data on the development and treatment of MA and below-normal best-corrected recognition acuity in astigmatic individuals is that the prevalence of high astigmatism in the general population is quite low, approximately 2-7% (Coleman, 1970; Hirsch, 1963; Woodruff, 1986) . However, there are a number of Native American tribes, including the Tohono OÕOdham, among whom the prevalence of astigmatism has been reported to be higher than 25% (Abraham & Volovick, 1972; Boniuk, 1973; Hamilton, 1976; Kershner & Brick, 1984; Levy & Wall, 1969; Maples, Atchley, & Hughes, 1996; Miller, Dobson, Harvey, & Sherrill, 2001; Mohindra & Nagaraj, 1977; Wick & Crane, 1976) . In the present study, we examined the relation between high astigmatism and presence of MA, reduced best-corrected grating acuity, and reduced best-corrected recognition acuity in a large sample of preschool-age children from the Tohono OÕOdham nation, a Native American tribe with a previously-documented high prevalence of astigmatism (Dobson et al., 1996; Miller et al., 2001) . We also examined the relation between the pattern of visual deprivation experienced by the children during development (based on measurements of the amount, axis, and type of astigmatism present) and the pattern of best-corrected grating acuity deficits observed for stimuli of different orientations.
Method

Subjects
Subjects were 600 children who were enrolled in the Tohono OÕOdham Head Start program during the Fall semester of the 1997, 1998, 1999, or 2000 academic year. All were at least three, but younger than five, years of age on September 1 of the year in which they were tested. None had previously been tested in the Tohono OÕOdham Vision Screening program. Five children were wearing glasses when they arrived at the testing session. These children had astigmatism of 3.62, 2.50, 1.00 (n ¼ 2), and 0.87 D, respectively. Data from 44 additional children were excluded because they were classified by Head Start as having ''special needs'' (n ¼ 36), they had ocular abnormalities other than refractive error (e.g., nystagmus (n ¼ 2), iris coloboma (n ¼ 1), posterior lenticonus (n ¼ 1), or corneal scar (n ¼ 1)), or they did not complete cycloplegic refraction (n ¼ 3).
This research was approved by the Institutional Review Board of the University of Arizona and by the Tohono OÕOdham Nation, and followed the tenets of the Declaration of Helsinki. Parental informed consent was obtained prior to testing.
Apparatus
Testing of grating acuity was conducted using a Teller acuity card (TAC) stage (Vistech, Inc., Dayton, OH), which blocks out distracting stimuli, and two sets of 15 acuity cards that were similar to the prototype acuity cards described by McDonald and colleagues (McDonald et al., 1985) . Each card was constructed of gray cardboard, is 25.5 by 56 cm in size, and contained two 12-cm diameter circular openings located with the innermost edge at a distance of 9 cm to the left and right, respectively, of a central 4 mm peephole. Behind one opening was a black-and-white square-wave grating and behind the other opening was a luminance-matched gray field, both of which were cut from a single unmounted TAC (Vistech, Inc., Dayton, OH). Both sets of cards contained gratings ranging from 0.32 to 38 cycles/cm in approximately half-octave steps. In one set the gratings were oriented vertically. In the other set, they were oriented horizontally.
Vertical and horizontal stimulus orientations were selected because preliminary data indicated that 97% of astigmatic Tohono OÕOdham preschool children have with-the-rule astigmatism (plus cylinder axis near 90°, i.e., with the steepest curvature in the vertical meridian and the shallowest curvature in the horizontal meridian) (Dobson, Miller, & Harvey, 1999) , and therefore vertical and horizontal gratings would be parallel to the astigmatic axes in nearly all astigmatic children in this population.
Testing of recognition acuity was conducted using the Lea symbols 62 Â 65 cm distance acuity test, mounted in a cabinet that provides standardized rear illumination of the chart (Precision Vision, Villa Park, IL). The chart uses symbols that have left-right symmetry (square, circle, house, apple), with five symbols per line, progressing in logMAR steps from 20/200 to 20/8 Snellen equivalent, at a test distance of 3 m.
Procedures
Each child was tested as part of a comprehensive program that involved vision and refractive error screening, followed immediately by a complete eye examination including cycloplegic refraction (Miller, Dobson, Harvey, & Sherrill, 2000) . Details of the method used to determine each childÕs cycloplegic refractive error have been described previously . The method can be described briefly as follows: Following dilation, the childÕs refractive error is measured with the Retinomax K-Plus autorefractor/ autokeratometer (Nikon, Inc., Melville, NY). Independently, a pediatric ophthalmologist or an optometrist used retinoscopy and phoropter lenses to measure refractive error in each eye. If the vector dioptric difference (VDD) (Harris, 1988 (Harris, , 1990 between the result from the autorefractor and the retinoscopy result was 6 1.50 D, the autorefractor measurement was used as the estimate of refractive error. If the VDD exceeded 1.50 D, a second autorefractor measurement was taken, and if this measurement differed by 6 1.50 D from the retinoscopy result, the second autorefractor measurement was used as the estimate of refractive error. If the VDD between the second autorefractor reading and the retinoscopy result exceeded 1.50 D, a second retinoscopy measurement was taken and the autorefractor measurement closest to this retinoscopy measurement was used, if VDD was 6 1.50 D. Finally, if the difference exceeded 1.50 D, the vector mean of the four measurements was calculated, the VDD between this mean and each of the four measurements was determined, the measurement farthest from the mean was discarded, the vector mean of the remaining three measurements was calculated, and the measurement closest to this mean was used as the estimate of refractive error. Results of a study comparing Retinomax K-Plus measurements of cycloplegic refractive error with retinoscopy results obtained from the three retinoscopists who participated in the present study indicated that the autorefractor produced reliable and valid measurements of refractive error in three-to five-year-old children (Harvey, Miller, Dobson, Tyszko, & Davis, 2000) .
Measurement of best-corrected monocular (right eye) acuity for vertical and horizontal gratings and monocular (right eye) recognition acuity for Lea symbols was conducted after completion of the eye examination. Data were collected for right eyes only, due to time limitations during the testing sessions. During testing of grating acuity, the child wore trial frames containing an occluder in front of the left eye and best correction, as determined by cycloplegic refraction, in front of the right eye, with an additional þ1.00 D spherical lens to correct for the cyclopleged eyeÕs inability to accommodate for the 1-m test distance. During recognition acuity testing, the additional þ1.00 D power was removed so that the refractive error correction was appropriate for the 3-m test distance.
Grating acuity was measured using the TAC procedure (McDonald et al., 1985) . The grating orientation (vertical or horizontal) tested first was determined according to a counterbalanced order. In the TAC procedure, as described in detail previously (McDonald et al., 1985; Teller, McDonald, Preston, Sebris, & Dobson, 1986) , the testerÕs task is to present the cards in order from lower (coarser) to higher (finer) spatial frequencies, and to use the childÕs eye movements, head movements, and/or pointing behavior to indicate the location of the grating on each card. The tester presents each card as many times as needed (usually between one and six times) to decide whether the child shows a looking or pointing response that indicates consistently the location of the grating on the card. The tester rotates the card either 180°(switching the left-right position of the grating) or 360°(maintaining the grating on the same side) between presentations, but remains masked to the actual location of the grating on the card. Based on the childÕs responses, the tester determines the highest spatial frequency (finest grating) that the child can resolve. Testers in the present study were masked to whether the child had astigmatism, because all children were tested while wearing trial frames containing two lenses that provided best correction for the 1-m testing distance, based on the results of their cycloplegic refraction.
Assessment of Lea symbols recognition acuity began with a pretest: the tester showed the child large, individual symbols at a distance of about 1 m. If the child could name the symbols or match them on a lap card, the child was asked to identify the symbols on the top line (20/200 equivalent) of the eye chart, at a distance of 3 m. If the child correctly identified three symbols out of the five on the line, testing continued with the next smaller line. Acuity was scored as the symbol size on the smallest line on which the child could identify correctly three symbols, out of a maximum of five.
Data analysis
Based on the results of the cycloplegic refraction, the study sample was divided into those with astigmatism P 1.50 D and those with astigmatism between 0 and <1.50 D. This latter group was labeled the ''non-astigmat group''. The cut-off between the astigmatic and non-astigmatic groups was selected based on a survey of pediatric ophthalmologists indicating that at least 50% would prescribe optical correction for four-to sevenyear-old children with P 1.50 D of astigmatism (Miller & Harvey, 1998) .
For some analyses, the group with astigmatism P 1.50 D were divided into two groups, based on Mitchell et al.Õs (1973) predictions regarding patterns of MA. The first group consisted of eyes for which Mitchell et al. would predict best-corrected acuity that was better for vertical than for horizontal gratings; the second group consisted of eyes for which Mitchell et al. would predict best-corrected acuity that was better for horizontal than for vertical gratings. As shown in Fig. 1, in with-the-rule astigmatic eyes, which comprised all eyes in this study, eyes that fit into the first group were those with compound myopic, simple myopic, or mixed astigmatism. In these eyes, in the absence of optical correction (i.e. during development), horizontal lines viewed at infinity could never be focused on the retina, whereas vertical lines were either less out of focus than horizontal lines (compound myopic astigmatism), focused on the retina (simple myopic astigmatism), or focused behind the retina (mixed astigmatism) where accommodation could be used to bring them into focus. Eyes that fit into the second group were those with simple hyperopic astigmatism, where horizontal lines at infinity were in focus on the retina and accommodative effort was required to focus vertical lines, and those with compound hyperopic astigmatism, in which less accommodative effort was required to focus horizontal than vertical lines.
Analyses were conducted on the log values of grating acuity and recognition acuity scores. An estimate of the magnitude of MA for each child was obtained by calculating the difference between the log of the childÕs vertical grating acuity score and the log of the childÕs horizontal grating acuity score.
Results
Prevalence of astigmatism
Results of the initial cycloplegic refraction indicated that 190 subjects (31.7%) had astigmatism P 1.50 D in the right eye and 188 (31.3%) had astigmatism P 1.50 D in the left eye. In nearly all cases (99.5% for right eye; 100% for left eye), the astigmatism was with-the-rule (plus cylinder correcting axis ¼ 90°AE 30°). Data from the one subject who had oblique-axis astigmatism in the right eye were excluded from the analysis of grating acuity results. The mean of the cylindrical error in the group with P 1.50 D of astigmatism was 2.67 D (SD 1.02; range 1.50-5.75 D) for right eyes and 2.71 D (SD 1.09, range 1.50-6.00 D) for left eyes. The mean axis of the cylindrical error in the group with P 1.50 D of astigmatism was 93°(SD 7.04; range 75°-113°) for right eyes, excluding the 54°value from the subject with oblique-axis astigmatism in the right eye, and 86°(SD 7.34; range 67°-109°) for left eyes.
Analyses were conducted to compare mean cylindrical error and mean spherical equivalent across the myopic/ mixed astigmatism, hyperopic astigmatism, and nonastigmatic groups. Results of ANOVA showed a significant difference among groups (F ð2; 489Þ ¼ 660:4, p < 0:001 for cylindrical error; F ð2; 489Þ ¼ 127:4, p < 0:001 for spherical equivalent). Post hoc comparisons with Bonferroni correction indicated that the mean cylindrical error of the myopic/mixed astigmatism group (mean ¼ 3.10 D, SD 1.13) was greater than that of the hyperopic astigmatism group (mean ¼ 2.37 D, SD 0.78) (p < 0:001). As expected, mean cylindrical error was significantly greater in both astigmatic groups than in the non-astigmatic group (mean ¼ 0.61 D, SD 0.34) (p < 0:001). For spherical equivalent, post hoc comparisons with Bonferroni correction indicated that mean spherical equivalent was significantly greater in the non-astigmatic group (mean ¼ 0.95 D, SD 0.74) than in the myopic/mixed astigmatism group (mean ¼ 0.22 D, SD 1.15) (p < 0:001). Mean spherical equivalent in the hyperopic astigmatism group (mean ¼ 2.25 D, SD 0.82) was significantly greater than that of both of the other two groups (p < 0:001).
Meridional amblyopia in astigmatic versus nonastigmatic children
Grating acuity data for both vertical and horizontal gratings were obtained from 493 subjects, 155 (81.6%) of the 190 with astigmatism P 1.50 D in the right eye and 338 (82.4%) of the 410 with <1.50 D of astigmatism in the right eye. Grating acuity results were analyzed for the 154 subjects who had with-the-rule astigmatism and for all 338 subjects with <1.50 D of astigmatism. An additional 107 subjects were unable to complete testing because of lack of cooperation (n ¼ 39) or refusal to wear trial frames (n ¼ 19), because the school day ended before testing could be completed (n ¼ 24), or no reason was recorded (n ¼ 25). Fig. 2 plots the acuity difference for horizontal versus vertical gratings as a function of the more anterior of the two astigmatic foci, for eyes with astigmatism P 1.50 D (Fig. 2a) and eyes with astigmatism <1.50 D (Fig. 2b) . Comparison of Fig. 2a and b indicates that subjects in the myopic/mixed astigmatism group were more likely to show better acuity for vertical than for horizontal gratings. In contrast, subjects in the hyperopic astigmatism group and subjects in the non-astigmatic group showed similar distributions of acuity-difference results, with approximately equal numbers of subjects showing better acuity for each of the two (vertical and horizontal) grating orientations.
The results from Fig. 2 are summarized in Table 1 , which provides quantitative data on the difference between best-corrected acuity for horizontal versus vertical gratings for the myopic/mixed astigmats, the hyperopic astigmats, and the non-astigmatic subjects. Data are reported in half-octave steps, reflecting the between-card step size in each set of acuity cards. ANOVA showed a significant difference among the means of the verticalhorizontal acuity difference (F ð2; 489Þ ¼ 5:5, p < 0:01) for the myopic/mixed (verticals 0.22 octave better), hyperopic (horizontals 0.02 octave better), and non-astigmat (verticals 0.04 octave better) groups. Post hoc comparisons with Bonferroni correction indicated significant differences between the two groups of astigmatic subjects (p < 0:01) and between the myopic/mixed astigmats and the non-astigmatic subjects (p < 0:05). Only the value for the myopic/mixed astigmats was significantly different from zero (tð67Þ ¼ 4:2, p < 0:001), indicating that this was the only group in which MA was present.
For the myopic/mixed astigmatism group, the only group in which MA was present, a regression analysis was conducted to determine whether magnitude of MA was related to amount of astigmatism. The resulting correlation was not significant (p ¼ 0:76). . Open square represents data from one subject; each line in the sunflower represents data from an additional subject. In (a), data points to the left of the vertical line are from eyes with compound myopic, simple myopic, or mixed astigmatism, in which vertical gratings would be focused more clearly than horizontal gratings in the absence of optical correction. Data points to the right of the vertical line are from eyes with simple or compound hyperopic astigmatism; in both simple and compound hyperopic astigmatism, less accommodative effort would be required to focus horizontal than vertical gratings, in the absence of optical correction.
Grating acuity in astigmatic versus non-astigmatic subjects
hyperopic astigmats, and non-astigmats. Repeated measures ANOVA indicated a main effect of group (F ð2; 489Þ ¼ 12:5, p < 0:001), a main effect of grating orientation (F ð2; 489Þ ¼ 8:2, p < 0:01), and an interaction between group and grating orientation (F ð2; 489Þ ¼ 5:5, p < 0:001). Post hoc comparisons with Bonferroni correction indicated significantly poorer acuity for horizontal gratings for the myopic/mixed astigmats in comparison to the non-astigmats (p < 0:001), but no difference for vertical gratings (p ¼ 0:29). In contrast, significantly poorer acuity for both vertical (p < 0:001) and horizontal (p < 0:01) gratings was found for the hyperopic astigmats in comparison to the non-astigmats.
A regression analysis was conducted to determine whether deficit in grating acuity was related to amount of astigmatism. For the myopic/mixed astigmatism group, the correlation between acuity and amount of astigmatism was significant for both vertical (r ¼ À0:21, p < 0:05) and horizontal (r ¼ À0:22, p < 0:05) grating acuity. For the hyperopic astigmatism group, the correlation was significant for horizontal grating acuity (r ¼ À0:20, p < 0:05), but not for vertical grating acuity (p ¼ 0:11). The regression equations indicated that for each one-diopter increase in astigmatism there was an average decrease in grating acuity of 0.02-0.04 log unit (0.07-0.13 octave).
Best-corrected recognition acuity in astigmatic versus non-astigmatic children
Best-corrected recognition acuity data were obtained from 542 subjects, 177 (93.2%) of the 190 with astigmatism P 1.50 D in the right eye and 365 (87.0%) of the 410 with <1.50 D of astigmatism in the right eye. An additional 58 subjects were unable to complete testing because of lack of cooperation (n ¼ 44) or refusal to wear trial frames (n ¼ 10), because the school day ended before testing could be completed (n ¼ 2), or data could not be included due to experimenter error (n ¼ 2). Fig. 4 shows best-corrected Lea symbols acuity plotted as a function of the amount of cylindrical error for the right eye of all subjects. Mean best-corrected visual acuity of the astigmatic subjects (0.39 logMAR [20/ 49.6], SD 0.14 log unit) was significantly poorer (by one logMAR line) than that of the non-astigmatic subjects (0.29 logMAR [20/39.1], SD 0.18) (tð540Þ ¼ 7:16, p < 0:001). Results of a regression analysis showed a significant correlation between amount of cylinder and best-corrected Lea symbols acuity (r ¼ À0:34, p < 0:001). The regression equation indicated that for every one-diopter increase in astigmatism there was an average decrease in best-corrected acuity of 0.05 log unit, or one-half logMAR line. Table 2 provides a summary of Lea symbols recognition acuity results for eyes with myopic/mixed astigmatism, eyes with hyperopic astigmatism, and non-astigmatic eyes. ANOVA showed a significant difference for mean recognition acuity among groups (F ð2; 539Þ ¼ 22:03, p < 0:001). Post hoc comparisons with Bonferroni correction indicated significant differences between the myopic/mixed astigmats and non-astigmats (p < 0:01) and between the hyperopic astigmats and the non-astigmats (p < 0:01), but not between the two astigmatic groups. 
Discussion
The results of the present study provide evidence for the presence of both MA and reduced best-corrected recognition acuity among a group of three-to five-yearold astigmatic children. Subgroup analysis indicated that evidence for MA was found only in the group of astigmats with at least one myopic focus (i.e., compound myopic, simple myopic, or mixed astigmats), whereas evidence for reduced best-corrected acuity for both vertical and horizontal gratings was found for the group of astigmats with simple or compound hyperopic astigmatism, and evidence of reduced recognition acuity was found for both myopic/mixed astigmats and hyperopic astigmats. In contrast to previous data from adults with MA (Mitchell et al., 1973) , data from the present study did not indicate that the magnitude of the MA shown by an individual astigmat is related to amount of astigmatic error. However, the magnitude of the reduction in bestcorrected grating acuity and in best-corrected recognition acuity was related to the amount of astigmatic error.
The finding that best-corrected acuity was likely to be better for vertical than for horizontal gratings among eyes with myopic or mixed astigmatism (Fig. 2a, left side) is consistent with Mitchell et al.Õs (1973) prediction that the grating orientation producing the better acuity in an astigmat with MA would be the orientation that was in best focus during the developmental period. In the present sample, which consisted exclusively of eyes that had with-the-rule astigmatism (plus cylinder correcting axis 90°), vertical targets (in the absence of optical correction) would be in best focus at the posterior focal line, which is the closer focal line to the retina in eyes with simple or compound myopic astigmatism, and which is the only focal line for which accommodation can improve focus in the mixed astigmat.
Also in agreement with Mitchell et al.Õs (1973) prediction are the results of the comparison of grating acuity data for the myopic/mixed astigmatic and nonastigmatic groups (Fig. 3) . Among myopic/mixed astigmats, best-corrected acuity for horizontal gratings is significantly reduced below that of non-astigmats, whereas best-corrected acuity for vertical gratings among myopic/mixed astigmats is not significantly different from that of non-astigmats. Thus, the MA shown by the myopic/mixed astigmats was due to below-normal best-corrected acuity for horizontal gratings, in comparison to normal acuity for vertical gratings.
For hyperopic astigmats, Mitchell et al. (1973) predicted that best-corrected acuity would be better for gratings focused at the less hyperopic focal line, since hyperopic astigmats would have to accommodate less to bring these gratings into focus during development. In adults, with-the-rule simple and compound hyperopic astigmatic eyes have been shown to have best-corrected acuity that is better for horizontal (less hyperopic focus) than for vertical (more hyperopic focus) gratings (Freeman et al., 1972; Mitchell et al., 1973) . However, in the present study, there was no evidence of consistently better acuity for horizontal than for vertical gratings among the group of eyes with simple or compound hyperopic astigmatism (Fig. 2a, right side) . Examination of the comparison between best-corrected grating acuity results for hyperopic astigmats versus non-astigmats (Fig. 3) shows that the failure to find MA among the hyperopic astigmats results from this group showing below-normal best-corrected acuity for both vertical and horizontal gratings. Thus, the hyperopic astigmats did show evidence of amblyopia, but the reduction in bestcorrected acuity was for both vertical and horizontal gratings, not just for one orientation, as was the case for the myopic/mixed astigmats.
Why did the hyperopic astigmats show non-meridional amblyopia? Hyperopia greater than 5.00 D is considered to be a risk factor for refractive amblyopia ) focal locations during development, one would expect to observe both MA and reduced acuity for both vertical and horizontal gratings, since the horizontal lines that were focused less hyperopically (typically at 6 1.00 D behind the retina, as shown in Fig. 2a ) would habitually be less out of focus than the vertical lines that were focused at least 1.50 D more hyperopically, due to astigmatism. The finding of approximately equal best-corrected acuity deficits for vertical and horizontal gratings in the absence of MA is more consistent with the hypothesis that, during development, the hyperopic astigmats were accommodating to the midpoint between focal planes, i.e. to the location of the spherical equivalent, thereby putting vertical and horizontal lines equally out of focus. The hypothesis that myopic/mixed astigmats show MA because vertical lines were in better focus during development, and that hyperopic astigmats show equally reduced best-corrected acuity for vertical and horizontal gratings because vertical and horizontal lines were equally blurred during development is supported by data from infants tested by Gwiazda et al. (1985b) . Gwiazda and colleagues measured preference for vertical versus horizontal gratings in a study of 36 naturally-astigmatic infants and eight infants with induced astigmatism who were between two and twelve months of age. When tested without correction of astigmatism, none of the infants with a myopic anterior focal line (i.e. myopic/mixed astigmatism) showed a preference for gratings focused at the anterior (more myopic) focal location, suggesting that gratings focused at the more myopic focal location were seen less clearly than those focused at the more posterior (less myopic) focal location. In contrast, among infants with a simple or compound hyperopic astigmatism, who were also tested without correction, some showed a preference for gratings focused at the anterior (less hyperopic) focal line and others showed a preference for gratings focused at the posterior (more hyperopic) focal line, suggesting that neither grating orientation was consistently focused more clearly in this group of infants. Interestingly, although the infants in the Gwiazda et al. (1985b) study who had myopic/mixed astigmatism had a preference for gratings focused at the less myopic focal location, they had not yet developed MA, since this preference was no longer present when they were tested with correction of the astigmatism.
The results described above from the Gwiazda et al. (1985b) study, in combination with the results of the present study, suggest that MA may develop earlier and more frequently in astigmatic eyes with a myopic anterior focus than in eyes with simple or compound hyperopic astigmatism. This suggestion is supported by data from Gwiazda et al. (1984) for six children who had 1.75-3.50 D of astigmatism during infancy and whose acuity for orthogonal gratings was tested at age six years, at which time they no longer had astigmatism. During infancy, the four children who had astigmatism with a myopic focus showed a preference for gratings focused at the posterior (less myopic) focal plane when tested without correction, but no preference when tested with correction of astigmatism. At age six years, even though they no longer had astigmatism, all four of these children showed approximately 0.5 octave better acuity for gratings that had been focused at the posterior (less myopic) focal plane than at the anterior (more myopic) focal plane. The two children who had compound hyperopic astigmatism during infancy showed no preference for either grating orientation during infancy, when tested either with or without correction, and no difference in acuity for orthogonal gratings when tested at age six years. Gwiazda et al. (1984) did not provide absolute acuity results, so it is unclear whether the two children with compound hyperopic astigmatism showed reduced acuity for both grating orientations, as did the hyperopic astigmats in the present study.
A discrepancy between the data of the present study and data reported previously for adults (Mitchell et al., 1973) is that magnitude of MA shown by children in the present study was not related to magnitude of astigmatism, even though a wide range of astigmatism was present in this population. One possible interpretation of this result is that there is, indeed, no relation between magnitude of MA and magnitude of astigmatism in this group of children. Another interpretation is that the test of grating acuity used in the present study was not sensitive enough to detect subtle differences in the magnitude of MA, due to the relatively large (0.5 octave) between-stimulus step size and the limited number of times each stimulus could be presented, due to the short attention span of preschool-aged children. While the method did reveal a correlation between amount of astigmatism and the grating acuity scores for both vertical and horizontal stimuli in both the myopic/mixed and hyperopic astigmatism groups, it is possible that because MA depends on a comparison of two grating acuity scores, there was enough variability in the results to mask a correlation between MA and amount of astigmatism.
Studies of visual acuity in astigmatic adults have concentrated on measurement of grating acuity, which reveals evidence of orientation-specific effects of visual deprivation during development. Equally important to evaluation of the individual astigmatÕs vision is assessment of best-corrected recognition acuity, which pro-vides a standardized measure of the individualÕs functional visual capabilities. As reported in previous research with school-age astigmatic children and adults (Dobson et al., 1996) , preschool-age astigmatic children in the present study showed evidence of reduced bestcorrected recognition acuity that defines refractive amblyopia. Unlike the results for MA in this group of children, both myopic/mixed astigmats and hyperopic astigmats showed evidence of refractive amblyopia. This is not surprising, since the stimuli used to measure recognition acuity (square, circle, house, apple) contain the line orientations for which both myopic/mixed astigmats (horizontal) and hyperopic astigmats (horizontal and vertical) showed visual acuity deficits (Fig.  3) . In agreement with the grating acuity results in the present study, there was a significant correlation between amount of astigmatism and magnitude of refractive amblyopia, suggesting that severity of amblyopia is related to the amount of astigmatic defocus experienced during development. The magnitude of the refractive amblyopia appears to be related less, if at all, to the spherical component of the refractive error, since the reduction in best-corrected recognition acuity shown by the myopic/mixed astigmats, whose mean spherical equivalent was 0.22 D, was similar to that shown by the hyperopic astigmats, whose mean spherical equivalent was 2.25 D (Table 2) .
In summary, the results of the present study provided evidence for MA in a group of three-to five-year-old Native American children with P 1.50 D of simple myopic, compound myopic, or mixed astigmatism, but not in children in the same population who had simple or compound hyperopic astigmatism, although children with hyperopic astigmatism did show reduced bestcorrected grating acuity for both vertical and horizontal orientations. Presence of MA was related to the location of the anterior focal plane in the astigmatic eye. Eyes with a myopic anterior focal plane (and therefore a myopic focus of horizontal gratings because these eyes had with-the-rule astigmatism) showed, on average, reduced best-corrected acuity for horizontal, but not for vertical, gratings, resulting in MA. In contrast, eyes with an emmetropic or hyperopic anterior focal plane showed reduced best-corrected acuity for both vertical and horizontal gratings, with no tendency to have better acuity for either vertical or horizontal gratings, and therefore no MA. Measurement of best-corrected recognition acuity showed evidence of refractive amblyopia in both myopic/mixed and hyperopic astigmats. These data suggest that, for the myopic/mixed astigmatism group, reduced acuity for horizontal stimuli, despite good acuity for vertical stimuli, was sufficient to produce reduced recognition acuity.
In conclusion, the results of the present study indicated that the visual deprivation provided by uncorrected astigmatism prior to age three to five years resulted in neural changes that were revealed as MA and reduced best-corrected grating and recognition acuity. As part of the Tohono OÕOdham Vision Screening Program, each astigmatic child has been provided with spectacle correction. Follow-up testing should reveal whether providing optical correction prior to the time children enter elementary school can result in elimination or reduction in the severity of the amblyopia that is present in these young children.
